Hybrid quantum information processing by Andersen, Ulrik L. et al.
Hybrid Quantum Information Processing
Ulrik L. Andersen,1, ∗ Jonas S. Neergaard-Nielsen,1 Peter van Loock,2 and Akira Furusawa3
1Department of Physics, Technical University of Denmark, Fysikvej, 2800 Kongens Lyngby, Denmark
2Institute of Physics, Johannes-Gutenberg Universita¨t Mainz, Staudingerweg 7, 55128 Mainz, Germany
3Department of Applied Physics, School of Engineering,
The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8656, Japan
The development of quantum information pro-
cessing has traditionally followed two separate
and not immediately connected lines of study.
The main line has focused on the implementation
of quantum bit (qubit) based protocols whereas
the other line has been devoted to implementa-
tions based on high-dimensional Gaussian states
(such as coherent and squeezed states). The sep-
aration has been driven by the experimental diffi-
culty in interconnecting the standard technologies
of the two lines. However, in recent years, there
has been a significant experimental progress in
refining and connecting the technologies of the
two fields which has resulted in the development
and experimental realization of numerous new hy-
brid protocols. In this Review, we summarize
these recent efforts on hybridizing the two types
of schemes based on discrete and continuous vari-
ables.
I. INTRODUCTION
By harnessing the quantum effects of superposition
and entanglement, revolutionary new methods of commu-
nication and computation can be realized [1]. A promi-
nent example is the possibility of generating a secret key
between two or more parties in a communication net-
work leading to unconditionally secure communication –
known as quantum cryptography. Another striking ex-
ample, and perhaps the most intriguing one, is the re-
alization of a quantum computer which allows for expo-
nentially faster computation of certain tasks. Although
the experimental progress in controlling quantum states
of various microscopic quantum systems has exploded in
recent years, the implementation of a fully fault-tolerant
and scalable quantum computer is still a major challenge.
Spurred by the grand vision of constructing a quan-
tum computer, numerous physical platforms are be-
ing intensely explored worldwide. These include light,
ions, atoms, solid state, cavity quantum electrodynam-
ics, superconducting systems and nuclear magnetic res-
onance [2]. However, irrespective of the physical sys-
tem, quantum information processing (QIP) comes in
two different forms depending on which degree of free-
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dom, or observable, is being used for describing the in-
volved quantum states. If this observable is of discrete
nature (that is, its eigenvalues are discretized), one of-
ten refers to discrete-variable (DV) QIP (Box 1), and if
the observable has a continuum of eigenvalues, one talks
about continuous-variable (CV) QIP (Box 2). An analog
can be drawn to classical information processing where
the two forms exist in the realm of digital and analog
information processing.
In recent years, numerous research groups have worked
on bridging the two islands with the aim of realizing pro-
tocols that overcome the intrinsic limitations of the indi-
vidual DV and CV schemes. The integration of DV and
CV technologies in unified hybrid optical systems has
thus resulted in a series of new proposals and ground-
breaking experiments realizing long-standing goals [3].
The aim of this Review is to present the recent progress
on combining the CV and DV methods for applications
in QIP. A major research effort has been devoted to the
generation of highly nonclassical quantum states using
hybrid technologies. These efforts will be reviewed in
section II. In section III, we will review QIP including
quantum teleportation, quantum repeaters and quantum
computing based on hybrid schemes, and finally, in sec-
tion IV, we conclude the review with an outlook.
II. GENERATION OF NON-GAUSSIAN STATES
There are two classes of pure quantum states that
play a pivotal role in quantum information processing:
Gaussian states and non-Gaussian states, referring to
the statistics of the state’s wavefunction or Wigner func-
tion (Box 3). The Gaussian states – e.g. coherent and
squeezed states – are often referred to as CV states. They
are relatively easy to produce and manipulate using stan-
dard CV technology such as lasers, parametric amplifiers
(or squeezers), beam splitters and homodyne detectors.
This technology enables a linear transformation of con-
tinuous quantum quadratures thereby mapping a Gaus-
sian state onto another Gaussian state [15–17]. Such
transformations have been mastered in the optical regime
for more than two decades, but in recent years it has been
also extended to the microwave regime: Using supercon-
ducting degenerate [18] and non-degenerate [19, 20] para-
metric amplifiers, microwave squeezed and CV entangled
states have been generated and characterized with homo-
dyne detection for state tomography [21]. In addition to
the generation of squeezing of the field quadratures, there
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2Box 1 Discrete-variable quantum information
processing
A single photon can carry information in different degrees
of freedom such as its polarization, its time of arrival and
spatial mode whereas an electron can carry information in
its spins. Binary digits can thus be represented by orthog-
onal eigenstates of a single photon or a single electron. In
quantum information, the information is not solely com-
prised by the eigenstates, but can be encoded as superpo-
sitions of the eigenstates:
|ψ〉 = c0|0〉 + c1|1〉 (1)
which is known as the qubit. The information of this
quantum state is given by the complex amplitudes c0 and
c1, and it can be visualized on the Bloch sphere. In this
system the computational basis set {|0〉, |1〉} is discrete
and limited to two. The measurement of this qubit is de-
scribed by a two-component projector such that in each
measurement the number of outcomes (eigenvalues) is lim-
ited to two. An example is a Stokes parameters measure-
ment (consisting of waveplates, a polarizing beam splitter
and two photon counters) or a Stern-Gerlach apparatus
both of which ideally projects along any orthogonal basis.
A universal two-component projector can be used to im-
plement a measurement induced non-linearity and it can
be used to fully characterize a state in the two-dimensional
Hilbert space.
In order to implement universal quantum computation
and perform a complete set of quantum communication
tasks, a finite set of gates comprising single qubit and
two-qubit operations must be implemented. One exam-
ple of a complete set is {UˆH , UˆPG, UˆCNOT } where UˆH and
UˆPG are the single qubit Hadamard and rotation gates and
UˆCNOT is the two qubit controlled NOT gate. Determinis-
tic single qubit gates can be readily performed with simple
linear optics but the deterministic two-mode gate requires
the introduction of a very large non-linearity. These hard
interactions can however be by-passed using probabilistic
measurement induced operations as suggested in ref. [4]
but the required overhead is massive [5].
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Box 2 Continuous-variable quantum information
processing
As an alternative to the standard finite-level encoding,
one might use a continuous basis {|x〉} for the encoding,
examples being the amplitude and phase quadratures of
a field mode, the postion and momentum of a mechanical
oscillator and the spin variables of an atomic ensemble.
An arbitrary quantum state in this basis is
|ψ〉 =
∫
ψ(x)|x〉dx (2)
where the information is now contained in the wavefunc-
tion ψ(x) rather than in discrete numbers as for the two-
level system (see Box 1). If ψ(x) is Gaussian, the state is
coined Gaussian which is the case for the coherent state,
the squeezed state and the CV entangled state (also known
as the two-mode squeezed state). In optics, the position
eigenstates correspond to a quadrature eigenstate which
physically represents an infinitely squeezed state displaced
to the quadrature value x. A measurement of the basis
states is done with a continuous projector which physically
can be carried out with high efficiency using a homodyne
detector. The outcomes of such measurements, that is,
the eigenvalues, are now continuous numbers. Using such
a homodyne projector, it is possible to perform complete
tomography of any quantum state of light.
A universal set of gates for continuous-variable computa-
tion has been defined and they can basically be catego-
rized in two types of transformations; Gaussian and non-
Gaussian transformations: {Fˆ , Zˆ, UˆSUM , UˆPG} including
the single mode Gaussian gates (Fourier transform and
displacement), the g Gaussian SUM gate and the two-
mode non-Gaussian cubic phase gate. The Gaussian
transformations are standard in a CV laboratory and suf-
ficient for a large range of protocols [6–9]. However, uni-
versality is only attained by the technically challenging
non-Gaussian transformations [10–14].
x
p
x p
x
p
squeezed light generation in high-
gain parametric down-conversion
atomic spin ensemble
mechanical oscillator
homodyne detector
Wigner function
x
p
3Box 3 The Wigner function
The quantum state of an optical field can be represented as
a distribution W (x, p) over the continuous-variable phase
space. This Wigner function has a one-to-one correspon-
dence with the density matrix, and therefore contains all
information about the state. It is very similar to a clas-
sical probability distribution, but it can attain negative
values. This property, closely related to Heisenberg’s un-
certainty principle, provides a straight-forward criterium
for the non-classicality of a quantum state. Among pure
states, only the Gaussian ones do not exhibit negativity
of their Wigner functions. But negativity is fragile, so
it can quickly vanish from a non-Gaussian state that has
lost its purity. Observation of non-Gaussian states with
negative Wigner functions therefore require high efficien-
cies throughout the system. The Wigner function can be
reconstructed by the method of homodyne tomography,
where multiple identical copies of the quantum state are
prepared and measured on a homodyne detector with dif-
ferent settings of the phase of the local oscillator. Alter-
natively, it can reconstructed via displacement controlled
parity measurement.
has also been some recent demonstrations on squeezing
the CV collective spin observables of an atomic ensem-
ble [22] and similar proposals exist for solid state ma-
terials [23, 24]. Within the last decade, there has been
massive interest in generating and manipulating the posi-
tion and momentum CVs of mechanical oscillators. This
has lead to numerous proposals on generating mechani-
cally squeezed and entangled states exploiting the Gaus-
sian coupling between a field mode and the mechanics
[25]. This has very recently been accomplished in a su-
perconducting system in which entanglement between a
microwave field and a mechanical oscillator was created
[26].
To produce pure non-Gaussian states, and in general
an arbitrary quantum state, the standard CV toolbox
consisting of linear Gaussian transformation and homo-
dyne detection is insufficient. It is however possible to
enter the non-Gaussian regime by hybridizing DV and
CV technology. There are basically two approaches to
the formation of non-Gaussian states of an oscillator: 1)
By enabling a strong, deterministic coupling to a finite-
level (discretized) matter system or 2) by a probabilistic
measurement-induced interaction using a finite-level dis-
cretized energy detector (photon counter).
Deterministic generation of non-Gaussian
states using two-level matter systems. The interac-
tion between a CV oscillator and a DV two-level system
can be described by the Jaynes-Cummings interaction.
The simplest non-Gaussian state to produce using such
an interaction is the single photon state; each time the
two-level system is excited, it will decay and emit a
single flying photon into a travelling field mode. If a
single field mode is strongly coupled to the two-level
system – usually enabled by placing the systems inside
a high Q cavity – the photon will be harvested by that
mode with large probability. This is known as the
Purcell effect. It has been demonstrated in a number of
experiments [27], but a complete state characterization
via Wigner function reconstruction has been realized
only in a few experiments, mainly in the microwave
regime [28–31], but recently also in the optical regime
with atomic ensembles [32, 33].
In the microwave domain, the coupling strength can be
enormously high by employing a superconducting phase
qubit inside a microstrip cavity, and moreover, the cou-
pling can be controlled by detuning the cavity in and
out of resonance with the field [34]. Using such a strong
and controlled coupling, higher order Fock states [35] as
well as Fock state superpositions of several photons [36]
have been deterministically generated and characterized
by quantum state tomography on a chip in a cryogenic
environment, see Fig. 1b. Similar multi-photon Fock
states have been generated via quantum non-demolition
measurement of a stationary microwave field employing
the strong coupling and subsequent measurements of fly-
ing Rydberg atoms [28], see Fig. 1a.
Another non-Gaussian state of the harmonic oscilla-
tor that has attracted significant interest is the so-called
“Schro¨dinger cat state”. It is defined as a superposition
of macroscopic states. Examples are the superpositions
of coherent states with opposite phase, |α〉 + eiφ| − α〉
[37] where α is the coherent state amplitude and φ is a
phase. The name is a reference to Schro¨dinger’s famous
Gedankenexperiment [38]: The coherent states are seen
as macroscopically distinct states, “alive” and “dead,”
and the cat state is in a superposition of these. Such
states have been deterministically realized in the mo-
tional state of a trapped ion [39] and in the microwave
regimes by entangling a standing CV microwave field
to a flying Rydberg atom followed by a projective DV
measurement of the atom [28, 40] and through a strong,
dispersive interaction with a superconducting transmon
qubit [41].
In addition to the coupling of two-level systems to the
CVs of the electro-magnetic field, recently there has also
been significant progress in understanding and imple-
menting the coupling of a two-level system to the contin-
uous position and momentum variables of a mechanical
oscillator. In a pioneering experiment it was shown that
by strongly coupling a superconducting phase qubit to
a ground state cooled mechanical oscillator, it was pos-
sible to generate a single excitation (single phonon Fock
state) of the oscillator [42], see Fig. 1c. Various other ap-
proaches enabling a strong coupling of a two-level system
(e.g. a quantum dot [43], an NV center in diamond [44],
an atom [45] and a two-level defect [46]) to a mechanical
oscillator have been proposed and some recent prelim-
inary steps have been realized [47–50]. These schemes
promise the formation of mechanical oscillators in arbi-
trary superposition states including the cat state, which
in principle can be mapped onto the electromagnetic field
[51]. This might well be the future route to determinisitic
generation of non-Gaussian states for QIP.
4FIG. 1: Examples of non-Gaussian state generation in various systems. a) Schro¨dinger cat and Fock states of a microwave
cavity field induced by the detection of dispersively coupled Rydberg atoms [28], b) arbitrary Fock state superpositions in a
waveguide resonator field coupled to a superconducting phase qubit [36], c) population exchange of a single excitation between
a superconducting phase qubit and a piezoelectric mechanical oscillator cooled to its ground state [42], d) arbitrary Fock
state superpositions of an optical mode through spontaneous parametric down-conversion and coherent-state injected photon
detectors [52], e) squeezed Schro¨dinger cat state of an optical mode induced by conditional homodyne detection on a 2-photon
Fock state [53].
Probabilistic generation of non-Gaussian states
using finite-level detection systems. In the optical
regime, the non-Gaussian transformation is notoriously
difficult to implement due to the non-existence of suffi-
ciently strong, optical non-linearities. As an alternative
to the deterministic scheme, one may generate the trans-
formation probabilistically using a measurement-induced
nonlinearity by applying a non-Gaussian projector. The
simplest of these is a single-photon detection, often used
for DV QIP.
An essential workhorse for both DV and CV optical
QIP is the parametric amplifier (OPA). The OPA op-
erates by the process of spontaneous parametric down-
conversion where a single pump photon is converted into
two lower-frequency photons, called signal and idler, in a
nonlinear medium. As the process is spontaneous the
probability of generating one or more photon pairs is
small, as reflected in the Fock basis representation of the
OPA output,
|φ〉 ∝ |0s0i〉+
√
λ|1s1i〉+ λ|2s2i〉+ . . . , (3)
5a) c) e)
b) d)
FIG. 2: Examples of heralded non-Gaussian state preparation schemes that have been demonstrated and characterized by
quantum homodyne tomography. a) Generation of a single-photon state by SPDC followed by single photon detection b)
Engineering of a qubit via displacement and single photon detection c) Addition of a single photon by driven PDC followed
by photon detection d) Generation of a kitten state by subtracting a single photon from a squeezed vacuum state e) Wigner
functions of various kitten state qubits illustrated on the qubit Bloch sphere [54].
with λ related to the gain of the amplifier. It is clear
that the signal (s) and idler (i) modes are photon number
correlated, but despite of this, the state is Gaussian and
thus not directly suitable for various QIP tasks. However,
by combining the CV Gaussian entanglement source with
a DV detector it is possible to probabilistically induce the
generation of a non-Gaussian state. The detection of a
photon in the idler mode of a low-gain OPA heralds the
existence of its signal twin (see Fig. 2a). The heralding
means that this photon can be rigorously characterized
by CV homodyne tomography [55–57]. By using photon-
number-resolving detection, higher photon number Fock
states can be generated [58, 59]. The signal mode of the
OPA can be seeded with a Gaussian state, like a thermal
or coherent beam, as illustrated in Fig. 2c. The detection
of the idler photon then heralds a photon added version
of the seeded state, |ψherald〉 ∝ aˆ†|ψseed〉, which has now
turned non-Gaussian [60].
An experimentally easier operation is the reverse pro-
cess, namely photon subtraction. This can be imple-
mented simply by tapping off a small portion of the beam
on a beam splitter with reflectivity R  1 and mon-
itoring the reflected part with a photon detector (see
Fig. 2d). The detection of a photon heralds the subtrac-
tion of a photon from the state in the transmitted beam,
|ψout〉 ∝ aˆ|ψin〉 [61]. Coherent states are eigenstates of
the annihilation operator, so photon subtraction has no
effect on coherent and thermal states (which are coher-
ent state mixtures). With other initial states, though,
photon subtraction acts as a “de-Gaussifying” operation.
Prominently, this has been shown in several experiments
with single-mode squeezed vacuum as input (the state in
(3) with degenerate s and i modes) with subtraction of a
single photon [62–65] and later two or three photons [66–
68]. The considerable interest in the photon-subtracted
squeezed vacuum stems from the recognition [69] that
such states are close-to-ideal approximations to a super-
position of coherent states (a “Schro¨dinger’s cat”) with
small amplitudes, also known as a kitten state.
With just a single photon detector to provide a non-
Gaussian element, CV Gaussian operations like phase-
space displacement and homodyne detection can be
added to the mix to increase the variety of state gener-
ation and manipulation. The displacement operation is
easily performed by mixing with a strong coherent state
on a highly imbalanced beam splitter. If, as shown in
Fig. 2b, a displacement is performed on the idler mode in
a heralded single photon setup, one can prepare an arbi-
trary superposition of the vacuum and the single photon
state – a single-rail photonic qubit, c0|0〉 + c1|1〉 – with
the coefficients controlled by the amplitude and phase of
the displacement [70–72]. This can of course be extended
to higher photon numbers by increasing the number of
detectors [52, 73] as in Fig. 1d. Similarly, displacement
before photon subtraction in a kitten state generation
setup allows for arbitrary superpositions of the odd and
even states [54]. Experimental examples of such super-
positions are shown on the Bloch sphere in Fig. 2e. The
amount of control that can be achieved by these simple
means is such that any single-mode quantum state can
be generated by successive applications of phase-space
displacement and either photon addition or subtraction
[74, 75]. Even more flexibility would be obtained by em-
ploying a photon-number resolving detector in combina-
tion with the displacement. Such a hybrid detector was
characterized by full tomography in Ref. [76]. As an al-
ternative to displacement, a homodyne detection on one
mode of a two-mode state can also induce arbitrary su-
perposition states like the single-rail qubits conditionally
[77]. The homodyne measurement outcome then deter-
6mines the coefficients.
By combining these hybrid techniques, the possibili-
ties of quantum state engineering and information pro-
cessing become countless. Several schemes for increasing
the amplitude of kitten states have been proposed, for
example by conditional photon counting or homodyne
detection on a combination of multiple kittens [78–80],
displacement-improved photon subtraction [73, 81], tem-
porally separated two-photon subtraction [82], or con-
ditional squeezing of a Fock state by homodyne pro-
jection [53], see Fig. 1e. The energy of one mode
of a single-photon entangled state can be increased by
displacement [83, 84]. Entangled coherent states can
be generated by non-local photon subtraction over a
lossy channel [85], and these entangled cat states can
be made arbitrarily large through conditional homo-
dyne detection [86]. Finally, different ways of induc-
ing hybrid entanglement of cat states or coherent states
with a microscopic degree of freedom – a manifesta-
tion of Scho¨dinger’s cat–atom entanglement – have re-
cently been proposed [87, 88] and experimentally demon-
strated [89, 90].
The probabilistic execution of a non-Gaussian transfor-
mation of Gaussian states by a non-Gaussian measure-
ment has also been proposed for other systems. This in-
cludes the formation of non-Gaussian spin states [91, 92]
as well as non-Gaussian states of mechanical oscillators
[93, 94] by means of photon counting detections. These
schemes are however experimentally challenging and have
not yet been realized, although some progress towards a
heralded non-Gaussian spin state has been made [91].
III. QUANTUM INFORMATION PROCESSING
In the preceding section, we described how hybridiza-
tion between DV and CV devices and states can be ex-
ploited to engineer exotic, non-classical, non-Gaussian
quantum states. We shall now discuss possible schemes
for quantum information processing that incorporate the
above-mentioned hybrid techniques. These include the
fundamental tasks of quantum teleportation, quantum
error correction (detection), and entanglement distilla-
tion, as well as testing Bell inequalities and performing
Bell measurements. Ultimately, they would aim at the
realization of scalable quantum communication and uni-
versal, fault-tolerant quantum computation.
Hybrid quantum teleportation. The most ele-
mentary protocol in quantum communication is quan-
tum teleportation [95] – the reliable transfer of arbitrary
quantum states using shared entanglement and classical
communication; and the most obvious hybrid approach
to quantum teleportation is CV quantum teleportation
[96] of DV states or DV quantum teleportation of CV
states. In the optical domain, the former can be, in
principle, straightforwardly applied upon any quantum
states including single-photon-based qubits. This tele-
porter possesses the great advantage of being determin-
FIG. 3: Schematic layout of CV teleportation of a DV qubit,
as implemented in Ref. [97]. At left, a time-bin qubit is
prepared. The low-gain OPO (optical parametric oscillator)
spontaneously emits signal and idler photons which in this
case are separated based on their different frequencies. The
idler photon traverses an imbalanced Mach-Zender interfer-
ometer after which it is observed by a photon detector (APD,
avalanche photo diode). Since the two possible paths (short
or long) through the interferometer are indistinguishable, the
detection of the idler heralds the signal photon (labelled “in-
put”) in a qubit state – a superposition of an early (|0〉) and a
late (|1〉) time-bin [99]. In the middle is the CV teleportation
device. Mixing the outputs of two high-gain OPOs results in
a two-mode squeezed state. One part of this entangled state
is mixed with the input qubit followed by a CV Bell mea-
surement consisting of x/p homodyne detectors (HD), while
the other part is sent to the receiving station. Here it is
modulated with electro-optic modulators (EOM) by the Bell
detector outputs amplified with a variable gain. This results
– deterministically – in a teleported output qubit state almost
identical to the input as verified by the homodyne detection
at the right.
istic with solely linear components. However, the price
to pay is the intrinsically limited performance: Perfectly
faithful and deterministic teleportation of an arbitrary
state can only be attained in the limit of an unphysical,
infinite degree of Gaussian entanglement. Deterministic
CV teleportation of DV states has recently been demon-
strated on photonic qubits [97] and also for a cat state
[98] (see Fig. 3).
The converse quantum teleporter, using DV entangle-
ment and DV operations to transfer a CV state, re-
quires breaking up a high-dimensional CV state into
states of smaller dimension and performing correspond-
ingly many individual DV teleportations [100–102]. In
contrast to the standard CV teleporter, the optical DV
teleporter can reach fidelities of 100%. However, its effi-
ciency is fundamentally limited by the probabilistic na-
ture of qubit Bell measurements with linear transforma-
tions [103]. Only by the use of non-Gaussian transforma-
tions or non-Gaussian ancillary states can the teleporter
become (near-)deterministic.
Hence, the example of quantum teleportation illus-
trates nicely what an optical hybrid approach does: it
can turn an otherwise probabilistic, linear-optical qubit
teleporter into a fully deterministic device, possibly at
the expense of the transfer fidelity; and it can make use
7of a potentially high-fidelity transfer of low-dimensional
optical states for reliably transmitting a CV state, at the
expense of a non-unit success probability. This new level
of versatility is, of course, even greater when matter sys-
tems are included, as the light-matter interactions offer
an alternative way of performing efficient Bell measure-
ments. In fact, using atomic ensembles or two-level emit-
ters, such hybrid light-matter teleportations have been
already proposed for long-distance quantum communica-
tion [104] and, on a small scale, experimentally demon-
strated [105, 106].
Cat-state qubits (defined as a|α〉+b|−α〉 where a, b are
complex numbers) may also be teleported using an en-
tangled state of two cat-qubits such as |α, α〉+ |−α,−α〉.
This protocol has been experimentally demonstrated for
binary coherent states [107], and it forms the critical ele-
ment of cat-qubit quantum computing [108–110] of which
a few probabilistic gates have been realised [111, 112]. It
is also interesting to note that the efficient distribution
of entangled cat states for cat state teleportation can be
achieved using a another hybrid approach that combines
DV and CV measurements [86].
Hybrid entanglement distillation and quantum
communication. For quantum communication based
upon the distribution of entangled states, like in a quan-
tum repeater, it is desirable to initially prepare and dis-
tribute optical entanglement with high efficiency. Since
the CV Gaussian entangled states can be produced in an
unconditional fashion, they may serve as a determinis-
tic source of shared entanglement, thus saving expensive
storage times in a fully fledged quantum repeater. How-
ever, Gaussian entanglement is very sensitive to photon
losses and hence entanglement distillation will be abso-
lutely necessary. Solely using CV Gaussian operations
does not allow for distilling high-quality Gaussian en-
tanglement from low-quality, noisy Gaussian entangle-
ment [11–13]. The required non-Gaussian element may
then be introduced through photon subtraction. For
the pure, photon-number correlated, two-mode squeezed
state, local photon subtractions acting on the two-mode
number states as (aˆ ⊗ aˆ)|n, n〉 = n|n − 1, n − 1〉 would
smoothen the photon-number distribution, effectively en-
hancing the entanglement of the state [113]. Such an en-
hancement can also be obtained when the initial states
are mixed and noisy after a lossy channel transmission
[114, 115]. Experiments were already performed, show-
ing such photon subtraction-based distillation [116, 117].
Apart from photon subtraction, photon addition can
be a useful DV operation to locally improve the entan-
glement of bipartite Gaussian states [118]. In fact, coher-
ent linear combinations of photon subtraction ∝ aˆ and
addition ∝ aˆ† may be the optimal choice [60]; and one
way to obtain such superpositions is once again a hy-
brid technique: combine DV photon subtraction with a
CV squeezing operation, Sˆ†(r)aˆSˆ(r) = cosh raˆ+ sinh raˆ†
where r is the squeezing parameter. Notice that in this
case, squeezing would be promoted from a sole offline
resource to an online tool performed locally and indi-
vidually on the two halves of a two-mode CV Gaussian
state.
As squeezing, in conjunction with photon subtrac-
tion, allows for obtaining new kinds of hybrid operations
– adding and subtracting light particles in a coherent,
wave-like fashion – it opens up completely new possibil-
ities for quantum communication, for instance, by opti-
mizing entanglement distillation schemes [119]. Remark-
ably, even simpler hybrid operations such as combina-
tions of CV phase-space displacements with DV pho-
ton subtractions may still allow for such improvements
[120, 121]. The effect of these entanglement-enhancing
operations is to non-locally transform the initial CV
Gaussian states into, in lowest order, DV qubit-type en-
tangled states – a kind of bipartite hybrid state engineer-
ing at a distance.
Besides supplementing photon subtraction by squeez-
ing or displacement operations, there are other recently
proposed techniques that allow for optically realizing en-
tanglement distillation. One such prominent method is
the heralded, noiseless linear amplifier (NLA) introduced
by Lund and Ralph [122] and realized in different ways
[123–125]. On the operational, application-oriented side,
the NLA provides a DV, non-Gaussian tool to distill
CV [122] as well as DV [126] entangled states, where
in the latter case, this may immediately render atomic-
ensemble-based quantum repeaters [104] more efficient
[127]. Moreover, the DV NLA can be used to correct
errors in CV teleportation resulting from a lossy distri-
bution of entangled states [128]. On the more conceptual
side, the NLA serves as yet another illustrative example
for the benefit of a hybrid approach: while the orig-
inal, non-heralded and deterministic, quantum-limited
(phase-insensitive) linear amplifier by Caves [129] is a CV
Gaussian operation, only its generalization to the non-
Gaussian and heralded DV regime enables one to beat
supposedly fundamental quantum noise limits, again at
the expense of a non-unit success probability.
Hybrid Bell tests and measurements. The list
of both fundamental and application-oriented quantum
tasks and protocols in a quantum communication set-
ting, i.e., with at least two spatially separated parties
sharing classical and quantum resources, can be further
extended. There are the fundamental Bell tests, which
are to negate local realism even by means of realistic,
imperfect detectors, and for this, combined DV and CV
measurements may help [130, 131]. Gaussian CV en-
tangled states, having an immediate hidden-variable de-
scription in form of a positive Wigner function, can never
violate a Bell inequality based upon CV homodyne mea-
surements; only the detection of a set of discrete vari-
ables such as photon-number parities [132] would work.
In a quantum repeater chain based upon elementary,
polarization-entangled photon pairs, the necessary two-
qubit Bell measurements for connecting the individual re-
peater segments can be made more efficient using – once
again – local squeezers, in addition to counting photon
numbers [133].
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FIG. 4: Measurement-based quantum computation using
two-dimensional lattices corresponding to offline-prepared,
optical multi-mode cluster states. The lattices are built from
single-mode states through Gaussian two-mode interactions
(squeezers and beam splitters; thick red lines). Arbitrary
multi-mode optical states (figure: three modes; vertically ori-
ented input and output modes in gold) can be processed by
individually measuring the propagating optical modes (thin
grey lines) except for the output and feedforwarding the mea-
surement results. Quantum and classical (feedforward) infor-
mation evolve from left to right. Top: some of the Gaussian
squeezed single-mode states (red) of the cluster are replaced
by non-Gaussian single-mode states (blue); all measurements
are Gaussian homodyne detections (red). Bottom: some of
the Gaussian detectors (red) are replaced by non-Gaussian
detectors (e.g. photon counters; blue); all initial single-mode
states are Gaussian squeezed states (red), and hence the entire
cluster state is Gaussian. Universal operations, i.e., arbitrary
output states, can be achieved either way, through CV mea-
surements on non-Gaussian states or arbitrary measurements
on Gaussian states. For arbitrarily long computations, the
accumulation of errors caused e.g. by finite squeezing must
be suppressed via some form of quantum error correction.
Hybrid quantum computing. While a full-scale
quantum repeater can be thought of as a nonlocal de-
vice with local, small-scale quantum computers that ben-
efits from the hybrid approach for quantum error detec-
tion and entanglement distillation, a large-scale, univer-
sal quantum computer would have to combine the uni-
versal processing of some logical quantum state with a
sufficient degree of fault tolerance in order to maintain
an arbitrarily long computation. Examples of universal
gate sets leading to universal computation for DV and
CV logical encoding are given in BOX 1 and 2.
The optical hybrid approach to implementing universal
quantum gates [3, 134] relies on teleportation-based, or,
more generally, measurement-based quantum processing
[135], similar to Ref. [4]. However, the crucial and with
regards to implementations useful difference is that some
parts of an otherwise fully DV (CV) measurement-based
scheme are replaced by CV (DV) elements.
Consider the elementary circuits in the zoomed grey
circles of Fig. 4: an arbitrary input quantum state |ψ〉,
representing one propagating optical mode (indicated by
the corresponding thin grey line), gets entangled with
either a Gaussian, highly squeezed single-mode state
|p ≈ 0〉 (indicated by a red circle) or, alternatively, with a
suitable non-Gaussian single-mode state U |p ≈ 0〉 (indi-
cated by a blue circle). The entangling operation is Gaus-
sian in either case (indicated by the thick red line). A
universally transformed single-mode output state, U |ψ〉,
can then be produced, either through simple Gaussian
homodyne detection projecting the input mode onto the
|p〉 basis (indicated by a red detector) or via a, in gen-
eral, non-Gaussian projection measurement onto a suit-
ably rotated measurement basis, U |p〉 (indicated by a
blue detector). These elementary processes are remi-
niscent of CV quantum teleportation, where indeed the
final, desired output state would be obtained only de-
pending on some phase-space displacement given by the
outcome of the measurement. The application of an ar-
bitrary single-mode gate U may require more than just
one such elementary step, where generally every step in-
cludes adjusting the measurement basis conditioned upon
the previous outcomes and depending on some additional
corrections beyond simple displacements. The crucial dif-
ference compared with standard quantum teleportation
is (besides the measurement being only single-mode in-
stead of a two-mode Bell measurement) that an input
state is not only transferred, but also manipulated.
Using these elementary schemes, one may realize two
important gates of the CV universal gate set: a universal
squeezer [136] (experimentally applied to a single photon
in Ref. [137]) and a cubic phase gate [138]. For the case,
when the ancilla state is non-Gaussian (U |p ≈ 0〉) and
the desired gate is weak and, for instance, cubic, a suit-
able three-photon superposition state (as demonstrated
in Ref. [73]) may be employed [139].
In order to achieve universal processing of arbitrary
multi-mode quantum states, the elementary teleporta-
tion circuits can be concatenated in a so-called cluster-
9state computation [135, 140]. The input state is then
teleported into (or prepared within) a sufficiently large,
multi-mode, non-Gaussian (or Gaussian) cluster state,
which is then subject to CV Gaussian (or arbitrary, in-
cluding DV non-Gaussian) measurements (see Fig. 4).
While universality does not depend on whether the non-
Gaussian elements appear in the detectors or in the an-
cilla states, the choice of hybridization will often be based
on the actual complexity of the implementation.
Similar to quantum communication, hybrid schemes
for quantum computation also greatly benefit from com-
bining light and matter systems. Again, the additional
possibility of coupling light with matter, that is more
specifically, CV oscillators with DV two-level systems,
extends the toolbox of gate operations to include highly
nonlinear interactions. This allows for deterministic uni-
versal gate operations on the qubits [141], where again
the light mode acts as a quantum bus that mediates the
qubit gates. However, this time the light mode is no
longer measured out, but instead it disentangles auto-
matically from the qubit systems when a full sequence
of light-matter interactions has been completed. Suit-
able interactions for this purpose are the controlled phase
rotations induced by dispersive, cavity QED-type atom-
light interactions [142] or the naturally occurring, con-
trolled phase-space displacements of a microwave mode
depending on the discrete state of a superconducting
qubit [143]. It is important to notice that in these
schemes, in principle, weak nonlinear interactions are suf-
ficient, which result in small phase shifts or displacements
that can be effectively enhanced by increasing the ampli-
tude of the CV quantum bus.
IV. OUTLOOK
Less than a decade ago, the boundary between DV and
CV platforms for quantum information processing was
extremely sharp. This is no longer the case. The bound-
ary is progressively becoming smeared out as a result of
several recent advances in combining the technologies of
the two platforms. This marriage of the two different dis-
ciplines, as reviewed in this article, has led to a wealth
of new theoretical proposals and some experimental im-
plementations of new promising protocols for quantum
information processing. However, the field is still very
young and researchers might only have scratched the sur-
face of a much larger and richer field.
Most of the demonstrations to date are proof-of-
principle experiments with a lack of high-fidelity oper-
ation, efficiency and scalability. To advance the field in
the direction of higher fidelity operation and higher effi-
ciency, a deeper understanding of the present limitations
must be attained in order to devise new systems with
fidelities and efficiencies that are sufficiently high to al-
low for perfect error correction and thus fault tolerant
QIP. To facilitate scalability, the systems must be minia-
turized: E.g. using integrated photonics, phononics and
electronics for squeezed light generation and propagation;
solid state platforms containing finite-level systems for
single photon generation and non-Gaussian transforma-
tions; and integrated on-chip detector technology for ef-
ficient detection of either CVs and DVs combined with
real-time feedback.
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